Introduction {#Sec1}
============

Groundnut or peanut (*Arachis hypogaea* L.) is an important oilseed crop and also a major source of vegetable oil (48%) and protein (25%) in tropical and subtropical regions of the World. It is grown in more than 100 countries of Asia, Africa and America with a global production of 35.52 Mt from an area of 23.50 Mha (FAO [@CR7]). Although India is a leading producer of groundnut, the productivity is very low (about 0.92 t ha^−1^) compared to the other major producers such as China (3.31 t ha^−1^), which can be attributed to the damage caused by biotic and abiotic stresses. Among the biotic stresses, two fungal diseases, viz*.* late leaf spot (LLS) caused by *Cercosporidium personatum* and rust caused by *Puccinia arachidis*, are widespread in most of the tropical countries and severely affect productivity. Moreover, co-occurrence of the two diseases leads to yield loss of up to 50--70% (Subrahmanyam et al. [@CR34]) along with adverse effects on the quality of the produce. Despite the fact that several fungicides are available to control these diseases, host-plant resistance is considered to be the best approach to managing these diseases and overcoming the hazardous effect of fungicides. Classical genetic studies on LLS and rust resistance suggest that resistance to these fungal diseases is complex and polygenic in nature and most likely controlled by recessive genes (Nevill [@CR25]; Green and Wynne [@CR10]; Dwivedi et al. [@CR6]).

Although in the past elite cultivars or varieties resistant to LLS and/or rust have been developed worldwide through conventional breeding, co-occurrence of these two diseases and the defoliating nature of LLS pose serious challenges to the breeding community in phenotypic selection. Recent years have witnessed momentous advances in the area of crop genomics and its integration with conventional breeding (Varshney et al. [@CR36]). As a result, several studies, especially in the temperate cereals, have demonstrated the efficacy of molecular markers and marker-assisted selection (MAS) in enhancing the effectiveness of conventional breeding methods, particularly in the case of low-heritability traits, where phenotypic selection was complicated (Varshney et al. [@CR37]). Among different types of marker systems, microsatellite or simple sequence repeat (SSR) markers are considered to be the markers of choice for application in breeding programs (Gupta and Varshney [@CR11]). In the case of groundnut, a large number of SSR markers have become available as a result of the concerted efforts of several research groups worldwide (e.g., Hopkins et al. [@CR14]; He et al. [@CR12]; Ferguson et al. [@CR8]; Moretzsohn et al. [@CR23]; Mace et al. [@CR21]; Cuc et al. [@CR5]; Liang et al. [@CR19]; Yuan et al. [@CR44]; Pandey et al. [@CR28]). Although these SSR markers have been used for construction of genetic maps and trait mapping in the cultivated groundnut, the number of marker loci integrated into a single genetic map is not very large (Varshney et al. [@CR39]; Khedikar et al. [@CR16]; Sarvamangala et al. [@CR31]). To date, the densest genetic map based on a single mapping population contains 191 marker loci (Ravi et al. [@CR30]) and the composite map based on three mapping populations has just 175 marker loci (Hong et al. [@CR13]).

In terms of mapping resistance to LLS and rust, so far only one study has been conducted in cultivated groundnut, based on a partial genetic map comprising 56 SSR loci for the TAG 24 × GPBD 4 recombinant inbred line (RIL) population (RIL-4) (Khedikar et al. [@CR16]). This study reported a major quantitative trait locus (QTL) for rust and only minor QTL for LLS. This may be attributed to the low marker density on the genetic map used for QTL analysis and/or use of the single mapping population. It was therefore imperative to saturate the genetic map as well as to use new mapping populations. Development of genetic maps for new populations offer the possibility of developing the consensus map based on common markers mapped on genetic maps for different mapping populations (Ablett et al. [@CR1]; Karakousis et al. [@CR15]). In this context, one further RIL population (TG 26 × GPBD 4, referred as RIL-5) with a partial genetic map of 45 SSR loci (Sarvamangala et al. [@CR31]) is available that segregates for resistance to LLS and rust.

With the objective of identifying major QTL for LLS and more closely linked markers for the major QTL for rust, the present study reports: (i) saturation of the genetic maps for TAG 24 × GPBD 4 (RIL-4) and TG 26 × GPBD 4 (RIL-5) populations, (ii) phenotyping of the RIL-4 population for LLS and rust under three additional environments and comprehensive QTL analysis based on a total of six environments, (iii) phenotyping of the RIL-5 population for LLS under six environments and for rust under seven environments and comprehensive QTL analysis, and (iv) construction of a consensus QTL map for LLS and rust.

Materials and methods {#Sec2}
=====================

Mapping populations {#Sec3}
-------------------

Two RIL mapping populations of F6:7 generations were developed at the University of Agricultural Sciences, Dharwad, India, from the crosses TAG 24 × GPBD 4 (RIL-4; 266 RILs) and TG 26 × GPBD 4 (RIL-5, 146 RILs) using the single-seed descent (SSD) method. Both the susceptible parents (TAG 24 and TG 26) of these RIL populations were early maturing with high harvest index, better partitioning coefficient and tolerance to bud necrosis but were highly susceptible to LLS and rust. GPBD 4 is a highly resistant variety to LLS and rust and is used as a national resistance check for both diseases in field trials of the All India Coordinated Research Project (AICRP) on groundnut. This variety was derived from the cross KRG 1 × CS 16 (ICGV 86855) and is a second-cycle derivative of inter-specific hybridization with a desirable combination of early maturity, high yield, high pod growth rate, desirable pod and kernel features with high oil content.

Phenotyping for late leaf spot and rust {#Sec4}
---------------------------------------

Phenotyping of both mapping populations was done during 2004 (F7), 2005 (F8), 2006 (F9), 2007 (F10), 2008 (F11), 2009 (F12) and 2010 (F13). The RIL-4 population, however, was not phenotyped for rust resistance in F7 and F8 generations and RIL-5 was not phenotyped in F9 generation for any disease. These RIL populations were sown in a randomized block design (RBD) with two replications at Dharwad. Seeds of these RILs were treated with seed protectant before sowing. Twenty-five seeds from each RIL were sown in 2.5 m rows with 45 and 10 cm inter- and intra-row spacing, respectively. The parental genotypes (TAG 24, TG 26 and GPBD 4) of both mapping populations were also sown after every 50 rows as controls. Artificial disease epiphytotics were created for both the diseases using the "spreader row technique". Spreader rows of TMV 2 (national susceptibility check for both diseases) were sown at every tenth row as well as in a border around the field to maintain the effective inoculum load. The inoculums for LLS and rust were produced and maintained separately on VL-1 (resistant to rust but a highly susceptible variety to LLS) and M-110 (resistant to LLS but highly susceptible to rust) genotypes, respectively. The LLS conidia and rust urediniospores were isolated by soaking and rubbing infected leaves in water for 30 min and were used for inoculation. After 35 days of sowing, plants were inoculated uniformly in the evening with LLS or rust for a week as detailed in Khedikar et al. ([@CR16]). Disease scoring for LLS was done at 70 days (LLS-SI) and 90 days (LLS-SII) after sowing, and for rust at 80 days (Rust-SI) and 90 days (Rust-SII) after sowing in different seasons by using a modified 9-point scale (Subbarao et al. [@CR33]). National susceptible (TMV 2) and resistant (GPBD 4) checks were used for comparing the disease reaction of RILs of the both populations.

Analysis of variance (ANOVA) at different stages and environments of disease scoring for LLS and rust was performed to test the significance of differences between RILs. Pooled analysis of variance was done for both diseases, considering the number of environments, replications and treatments (RIL) separately for two different stages. To assess and quantify the genetic variability among the RILs, phenotypic coefficient of variance, genotypic coefficient of variance (GCV) and heritability in the broad sense (*h*^2^b.s) were estimated. The correlation coefficient (*r*) among the different stages and environments of LLS or rust was estimated. All above-mentioned statistical analyses were done with the software package Windostat ver. 8.5 (Indostat Services, Hyderabad, India, <http://members.fortunecity.com/indostat/>).

DNA extraction and SSR genotyping {#Sec5}
---------------------------------

DNA was extracted from fresh leaves of the parental genotypes and RILs of F7 and F8 generation in the case of RIL-4 and F10 generation in the case of the RIL-5 population using the modified cetyltrimethylammonium bromide (CTAB) extraction method, as described in Cuc et al. ([@CR5]). The DNA quality and quantity were checked on 0.8% agarose gels and DNA concentration was normalized to \~5 ng/μl for further genotyping work.

In addition to the markers reported in Khedikar et al. ([@CR16]) and Sarvamangala et al. ([@CR31]), a set of novel expressed sequence tag (EST)-SSR markers (2,098) developed at the University of Georgia (S. J. Knapp, unpublished) and genomic SSR markers (123) reported by Wang et al. ([@CR42]) were used to screen parental genotypes of the respective mapping populations. Subsequently, polymorphic markers were identified and used to genotype the RILs of the respective populations. PCR and separation of amplicons for the SSR markers were done as described in Varshney et al. ([@CR39]).

Construction of genetic maps {#Sec6}
----------------------------

Genotyping data obtained for all the polymorphic marker loci on both the mapping populations (RIL-4 and RIL-5) were used for linkage map construction using Mapmaker/EXP v.3.0 (Lander et al. [@CR18]; Lincoln et al. [@CR20]). A minimum LOD score of 5.0 and maximum recombination fraction (∂) of 0.5 were set as threshold values for linkage group determination. Linkage groups were defined with the "Sequence All" command. The most likely order within each linkage group was estimated by using three-point analyses ("Three Point" command). Marker orders were confirmed by comparing the log likelihood of the possible orders using multipoint analysis ("Compare" command) and by permuting all the adjacent triple orders ("Ripple" command). In the second step, the LOD score was set to 3.0 in order to include new markers in the linkage groups. The "Try" and "Build" commands were used to determine the exact position and linkage group of the new marker orders. The new marker orders were again confirmed with the "Compare" and "Ripple" commands. Finally the best possible order in each linkage map was used for map construction. The recombination fraction was converted into map distances in centimorgans (cM) using the Kosambi mapping function (Kosambi [@CR17]). The inter-marker distances calculated from Mapmaker were used to construct linkage map using MapChart version 2.2 (Voorrips [@CR41]).

Quantitative trait loci (QTL) analysis {#Sec7}
--------------------------------------

For identification of QTL, the composite interval mapping (CIM) approach (Zeng [@CR45]) was employed using WinQTL Cartographer, version 2.5 (Wang et al. [@CR43]). CIM was performed using Model 6, scanning intervals of 2.0 cM between markers and putative QTL with a window size of 10.0 cM. The number of marker cofactors for the background control was set by forward--backward stepwise regression. Automatically "Locate QTLs" option was used with a minimum of 5 cM between QTL to define a QTL region and, if the peak's distance was less than 5.0 cM, then the highest peak was considered to locate QTL. Permutations for 500 times were also done while determining the QTL using WinQTL Cartographer using the option "permutations times" with 0.05 significance level. Single marker analysis (SMA) was also performed using WinQTL Cartographer to confirm candidate SSR markers linked to the trait.

Development of a consensus map {#Sec8}
------------------------------

A consensus map was developed with JoinMap 4.0 (Van Ooijen [@CR35]) using two individual linkage maps constructed based on the RIL-4 and RIL-5 mapping populations. The "Locus Genotype Frequency" function was used to calculate Chi-squared (χ^2^) values for each marker to test for the expected 1:1 segregation ratio. Markers were placed into linkage groups with the "LOD Groupings" and "Create Groups for Mapping" command using the Kosambi mapping function (Kosambi [@CR17]). Calculation parameters were set for a minimum LOD of 5 and recombination fraction of 0.45. Marker order in groups was established using the "Calculate Map" command. Linkage groups with common markers on individual maps were merged to create a composite map using the "Join-combine Groups for Map Integration" command and the order of the markers was fixed using the marker order from the framework map obtained from Mapmaker. Further marker order in groups was established using the "Calculate Map" command. Linkage maps were drawn using MapChart for Windows (Voorrips [@CR41]).

Results {#Sec9}
=======

Phenotyping of mapping populations {#Sec10}
----------------------------------

Two mapping populations, namely RIL-4 and RIL-5, have been phenotyped extensively for LLS and rust (Electronic Supplementary Material 1). For LLS, phenotyping was carried out in six environments/years during the rainy season for both RIL-4 (2004, 2005, 2006, 2008, 2009 and 2010) and RIL-5 (2004, 2005, 2007, 2008, 2009 and 2010) populations, whereas for rust, phenotyping of the RIL-4 population was conducted in six environments/years during the rainy seasons of 2006, 2007 (early sowing referred as E1 and late sowing referred as E2), 2008, 2009 and 2010. In order to estimate components of resistance to rust, viz. incubation period (IP), latent period (LP) and infection type (IT), an experiment was undertaken during 2008 under greenhouse conditions. Similarly phenotyping data for rust was generated across seven environments/years in the RIL-5 population during the rainy seasons of 2004, 2005, 2007 (E1 and E2), 2008, 2009 and 2010. However, part of these phenotyping data (e.g. LLS for three seasons, namely 2004, 2005 and 2006, rust for four seasons, namely 2006, 2007-E1, 2007-E2, 2008, and components of resistance, as mentioned above, during 2008) on RIL-4 was reported in Khedikar et al. ([@CR16]). Nevertheless, the ESM 1 summarises the entire dataset for both populations. The detailed analysis of phenotypic data showed lower disease incidence in GPBD 4 (resistant parent of RIL-4 and RIL-5) compared to TAG 24 (susceptible parent of RIL-4) and TG 26 (susceptible parent of RIL-5). Though the means of both the RILs were within the parental limits, few transgressive segregants were observed in both directions for LLS and rust. Analysis of variance and pooled analysis of variance of these phenotyping data revealed significant differences between RILs for LLS and rust at both stages and environments of phenotyping. The effect of genotype × environment (GE) interaction, however, was not significant. The genetic parameters estimated in both the populations revealed moderate to high phenotypic (PCV) and genotypic coefficient of variation (GCV) for LLS and rust at both stages; however PCV was always higher than GCV for both diseases (ESM 1). Similarly, broad-sense heritability (*h*^2^b.s) was moderate to high at both stages for LLS and rust. The association analyses between stages in each environment showed highly significant and positive correlation for LLS (*r* = 0.189--0.932; *P* \< 0.01) and rust (*r* = 0.166--0.983; *P* \< 0.01). Significant positive correlation was observed even across the environments for LLS and rust (data not shown). However, the association between LLS and rust was towards the negative direction. The frequency distribution based on the pooled mean data of all the seasons for LLS and rust showed a normal distribution pattern for late leaf spot at both stages (LLS-SI and LLS-SII) in both RIL-4 and RIL-5 populations (Fig. [1](#Fig1){ref-type="fig"}). However, the frequency distribution for rust in both populations revealed a bimodal distribution at both stages (Rust-SI and Rust-SII) and skewed distribution towards susceptible and resistant parents.Fig. 1Frequency distribution for LLS and rust resistance in RIL-4 (*left*) and RIL-5 (*right*) populations. The figure shows the frequency distribution of RIL populations against infestation on pooled mean disease scores in RIL-4 for LLS at stage I (**a**) and stage II (**b**); for rust at stage I (**c**) and stage II (**d**); in RIL-5 for LLS at stage I (**e**) and stage II (**f**); for rust at stage I (**g**) and stage II (**h**)

Marker analysis on parents and mapping populations {#Sec11}
--------------------------------------------------

In addition to screening 1,089 SSR markers on the parents of RIL-4 (Khedikar et al. [@CR16]) and 1,043 SSR markers on the parents of RIL-5 (Sarvamangala et al. [@CR31]), new sets of 2,008 and 2,239 additional SSR markers were screened on the parents of the RIL-4 and RIL-5 populations, respectively. Of the new SSR markers screened, a total of 139 and 152 markers were found polymorphic between the parents of RIL-4 and RIL-5, respectively. After including the earlier polymorphic markers (Khedikar et al. [@CR16]; Sarvamangala et al. [@CR31]), a total of 206 and 205 markers were found polymorphic between the parents of RIL-4 and RIL-5, respectively (ESM 2). Subsequently, genotyping data were generated for 206 SSR markers on 182 lines of RIL-4 and for 205 markers on 138 lines of RIL-5. However, while genotyping the mapping populations, segregation data were scored at two loci for three markers (GM1971, GM2724 and pPGSseq18A05) in the case of RIL-4 and four markers (GM1971, GM2724, GM2589 and TC3H07) in RIL-5. As a result, segregation data were obtained for a total of 209 SSR loci each in RIL-4 (67 SSR loci from Khedikar et al. [@CR16] and 142 SSR loci in this study) and RIL-5 (53 SSR loci from Sarvamangala et al. [@CR31] and 156 SSR loci in this study).

Development of improved genetic maps {#Sec12}
------------------------------------

Genotyping data obtained for all 209 marker loci for both the mapping populations were subjected to Chi-squared (χ^2^) testing to estimate the segregation ratio. Out of 209 loci, a total of 165 (RIL-4) and 156 (RIL-5) marker loci showed the expected 1:1 segregation ratio (*P* \< 0.05). The remaining 44 (20%) and 53 (28%) markers were found to be distorted in RIL-4 and RIL-5, respectively (ESM 3). Nevertheless, these markers were also used for constructing the genetic map.

As the earlier linkage maps developed based on the two populations under study had many fewer mapped loci, the linkage analysis was done on the entire marker dataset in each RIL population by using a minimum LOD score of 5.0 and a maximum recombination fraction (θ) of 0.37. As a result, an improved genetic map with 188 SSR loci onto 20 linkage groups (LGs) spanning 1,922.4 cM was developed based on the RIL-4 population. Similarly another genetic map comprising 181 loci onto 21 LGs covering 1,963 cM was developed based on the RIL-5 population (ESM 4, ESM 5, ESM 6).

Both genetic maps were compared with the reference genetic map for cultivated groundnut species developed based on the TAG 24 × ICGV 86031 (RIL-1) mapping population (Varshney et al. [@CR39]). A good congruence was found between the maps for common markers and for order of the markers, with few exceptions. Finally, names for the LGs of the newly developed genetic maps were assigned according to the LGs of the reference map (TAG24 × ICGV 86031) for cultivated groundnut based on the common markers observed, with the suffix "\*" indicating LGs named by comparison with the reference genetic map (Varshney et al. [@CR39]). In the case of the genetic map based on the RIL-5 population, the LG AhIII\* was split into three fragments and hence named AhIIIa\*, AhIIIb\* and AhIIIc\* (ESM 6).

The number of markers mapped per LG ranged from two (AhXX) to 17 (AhIII\*) and the length of the LGs ranged from 17.6 cM (AhXX) to 192.4 cM (AhXIV\*) with an average map distance of 96.12 cM in the case of the genetic map based on RIL-4 (ESM 4, ESM 7). Similarly, in the case of the genetic map developed based on RIL-5, the number of markers mapped per LG ranged from two (AhXX and AhXXI) to 15 (AhXV and AhVII\*) and the length of the LGs ranged from 14.7 cM (AhXIX) to 208.6 cM (AhXIV\*) with an average map distance of 85.35 cM (ESM 4). The average map density ranged from 4.22 (AhVIII\*) to 20.95 cM (AhXIX) in the genetic map based on RIL-4 and 4.54 (AhIIIc\*) to 17.38 cM (AhXIV\*) in the genetic map based on RIL-5 (ESM 7). The detailed features of these genetic maps are given in ESM 4 and ESM 7. Comparison of the two newly constructed genetic maps showed 143 common markers distributed on 18 LGs. The order of these common markers was similar in the majority of the cases (ESM 8).

Identification of QTL for LLS resistance {#Sec13}
----------------------------------------

Phenotypic data obtained at both the stages (LLS-SI and LLS-SII) in all the environments for both the populations were analyzed together with mapping data for all mapped loci assigned to the genetic maps of the respective mapping populations using WinQTL Cartographer, version 2.5 (Wang et al. [@CR43]). As a result, a total of 13 QTL were identified for LLS in RIL-4 (ESM 9) and 15 QTL in RIL-5 (ESM 10). The 13 QTL identified in the RIL-4 population were distributed on nine LGs (AhXII\*, AhXV, AhV\*, AhXIII\*, AhIX\*, AhVIII\*, AhXVIII\*, AhVI\* and AhVII\*) (ESM 5). Among them, five were major QTL (QTL~R4-LLS~01, QTL~R4-LLS~02, QTL~R4-LLS~03, QTL~R4-LLS~04 and QTL~R4-LLS~05) with a phenotypic variance explained (PVE) ranging from 10.27 to 67.98% (Table [1](#Tab1){ref-type="table"}). Similarly 15 QTL identified in the RIL-5 population were distributed on nine LGs (AhXV, AhVIII\*, AhV\*, AhI\*, AhXIV\*, AhXIII\*, AhX\*, AhVII\* and AhIIIc\*) (ESM 6). Among them, eight QTL (QTL~R5-LLS~01, QTL~R5-LLS~02, QTL~R5-LLS~03, QTL~R5-LLS~04 QTL~R5-LLS~05, QTL~R5-LLS~06, QTL~R5-LLS~07 and QTL~R5-LLS~08) were major with PVE ranging from 7.58 to 63.17% (Table [1](#Tab1){ref-type="table"}). Though QTL~R5-LLS~01 and QTL~R5-LLS~02 were major QTL, the PVE was less than 10% in one of the environments, otherwise the PVE ranged from 7.58 to 49.64% and 9.79 to 22.46%, respectively. The remaining seven QTL in RIL-4 and eight QTL in RIL-5 were considered as minor QTL with \<10% PVE (Collard et al. [@CR3]).Table 1Details of major QTL for LLS identified in the RIL-4 and RIL-5 populationsQTL^a^Linkage groupMarker intervalRange of LOD valueRange of % phenotypic variance explained (*R*^2^)Additive effect or rangeStage or environments in which corresponding QTL appeared(Position range)*In RIL*-*4 population*QTL~R4-LLS~01AhXII\*GM1573/GM1009--pPGPseq8D09 (84.71--97.81 cM)4.12--13.3210.27--62.340.26 to 1.23LLS-SI_2004, LLS-SII_2004, LLS-SI_2005, LLS-SII_2005, LLS-SI_2006, LLS-SII_2006, LLS-SI_2008, LLS-SII_2008, LLS-SI_2009, LLS-SII_2009, LLS-SI_2010, LLS-SII_2010, LLS-SI_Pooled mean and LLS-SII_Pooled mean**[QTL]{.ul}**~**[R4-LLS]{.ul}**~**[02]{.ul}**AhXVGM2009--GM1536 (4.01--6.01 cM)5.28--37.3812.49--67.98−0.53 to −1.53LLS-SII_2008 and LLS-SII_2009QTL~R4-LLS~03AhXVGM1536--GM2301/GM2079 (12.51--12.81 cM)3.19--11.0010.83--17.37−0.24 to −1.09LLS-SI_2009, LLS-SII_2008 and LLS-SII_2009**[QTL]{.ul}**~**[R4-LLS]{.ul}**~**[04]{.ul}**AhXVIPAHM103--GM1954 (14.51--20.51 cM)11.98--19.8616.14--42.66−0.25 to −1.44LLS-SI_2008 and LLS-SII_2008QTL~R4-LLS~05AhV\*IPAHM356--GM1577 (41.01--43.21 cM)2.94--4.8410.81--15.340.31 to 0.47LLS-SII_2005, LLS-SII_2006, LLS-SI_2009 and LLS-SI_Pooled mean*In RIL*-*5 population***[QTL]{.ul}**~**[R5-LLS]{.ul}**~**[01]{.ul}**AhXVGM2009--GM1536 (0.01 cM)2.91--26.097.58--49.64−0.22 to −1.25LLS-SI_2008, LLS-SII_2008, LLS-SI_2009, LLS-SI_2009 and LLS-SII_Pooled meanQTL~R5-LLS~02AhVIII\*GM2504--GM2746 (26.71--30.71 cM)2.83--5.099.79--22.460.33 to 0.64LLS-SII_2005, LLS-SI_2009 and LLS-SII_2009 and LLS-SI_Pooled mean**[QTL]{.ul}**~**[R5-LLS]{.ul}**~**[03]{.ul}**AhXVIPAHM103--GM1954 (9.41 cM)17.1663.17−1.43LLS-SII_2008QTL~R5-LLS~04AhV\*RN16F05--GM1988 (124.11 cM)3.5516.17−0.48LLS-SII_2004QTL~R5-LLS~05AhVIII\*GM2746--GM2689 (42.51 cM)2.6212.820.38LLS-SI_2009QTL~R5-LLS~06AhVIII\*GM2689--GM2690 (56.91 cM)3.9614.13−0.32LLS-SI_Pooled meanQTL~R5-LLS~07AhVIII\*GM2690--TC9F10 (62.61 cM)4.0716.12−0.34LLS-SI_Pooled meanQTL~R5-LLS~08AhI\*GM1090--GM1771 (65.51 cM)2.9212.310.37LLS-SI_2009^a^Common QTL identified in RIL-4 and RIL-5 populations are shown by *bold and underline*

In terms of stability of the QTL, the QTL identified in at least three seasons (years) were considered as the "consistent" QTL. Among the five major QTL identified in the RIL-4 population, one QTL, namely QTL~R4-LLS~01 with 10.27--62.34% PVE, was found consistently across both stages of all six seasons (Table [1](#Tab1){ref-type="table"}). The other major QTL, namely QTL~R4-LLS~05 with 10.81--15.34% PVE, was identified in one or both stages of three seasons. On the other hand, only one (QTL~R4-LLS~09) out of eight minor QTL with 3.39--8.5% PVE was identified in three seasons. The remaining three major and seven minor QTL identified were found in less than three seasons and they were either specific to a particular stage or season of disease screening (Table [1](#Tab1){ref-type="table"}, ESM 9). In the case of the RIL-5 population, of the 15 major and minor QTL identified, none of the QTL were present in more than three seasons (ESM 9). Only two major QTL, namely QTL~R5-LLS~01 (7.58--49.64% PVE) and QTL~R5-LLS~02 (9.79--22.46% PVE), were present in more than two seasons (Table [1](#Tab1){ref-type="table"}). The remaining 13 QTL were either specific to one or both the stages of disease scoring in less than three seasons.

Identification of QTL for rust resistance {#Sec14}
-----------------------------------------

For identification of QTL controlling rust resistance, detailed QTL analysis was done in RIL-4 and RIL-5 using the corresponding genetic mapping data and extensive phenotyping data for rust obtained for the two scoring stages (80 days after sowing, referred as Rust-SI and 90 days after sowing referred to as Rust-SII) under six (in the case of RIL-4) or seven (in the case of RIL-5) seasons. As a result, a total of nine (RIL-4) and six (RIL-5) QTL for rust resistance were identified from both the populations with PVEs of 2.54--82.96% in RIL-4 and 2.89--78.96% in RIL-5 (ESM 10). The QTL were distributed on six (AhXV, AhXVI, AhII\*, AhVII\*, AhI\* and AhXVIII\*) and four (AhXV, AhV\*, AhXX and AhXIV\*) LGs in the RIL-4 and RIL-5 populations, respectively (ESM 5, ESM 6). Of these QTL, three QTL with 10.68--82.96% PVE in RIL-4 and four QTL with 15.04--78.96% PVE in RIL-5 were considered as major QTL (Table [2](#Tab2){ref-type="table"}). The remaining six QTL in RIL-4 and two QTL in RIL-5 that explained \<10% PV were considered as minor QTL (ESM 10).Table 2Details of major QTL for rust resistance identified in RIL-4 and RIL-5 populationsQTL^a^Linkage groupMarker intervalRange of LOD valueRange of % phenotypic variance explained (*R*^2^)Additive effect or rangeStage or environments in which corresponding QTL appeared(Position range)*In RIL*-*4 population***[QTL]{.ul}**~**[R4-Rust]{.ul}**~**[01]{.ul}**AhXVGM2009--GM1536 (6.01 cM)5.41--69.7510.68--82.27−3.42--1.94Rust-SI_2006, Rust-SII_2006, Rust-SI_2007E1, Rust-SI_2007E2, Rust-SII_2007E2, Rust-SI_2008, Rust-SII_2008, Rust-SI_2009, Rust-SII_2009, Rust-SII_2010, Rust-SI_Pooled mean, Rust-SII_Pooled mean and, incubation period, latent period and infection typeQTL~R4-Rust~02AhXVGM1536--GM2301/GM2079 (12.51 cM)8.61--53.6112.43--62.35−1.94--1.69Rust-SI_2006, Rust-SII_2006, Rust-SI_2007E1, Rust-SI_2007E2, Rust-SII_2007E2, Rust-SI_2008, Rust-SII_2008, Rust-SI\_ 2009, Rust-SII_2009, Rust-SI_2010, Rust-SII_2010, Rust-SI_Pooled mean, Rust-SII_Pooled mean, latent period and infection type**[QTL]{.ul}**~**[R4-Rust]{.ul}**~**[03]{.ul}**AhXVIPAHM103--GM1954 (16.51--22.51 cM)11.92--78.4123.12--82.96−3.38--1.96Rust-SI_2006, Rust-SII_2006, Rust-SI_2007E1, Rust-SII_2007E1, Rust-SI_2007E2, Rust-SII_2007E2, Rust-SI_2008, Rust-SII_2008, Rust-SI_2009, Rust-SI_2010, Rust-SII_2010, Rust-SI_Pooled mean, Rust-SII_Pooled mean, latent period and infection type*In RIL*-*5 population***[QTL]{.ul}**~**[R5-Rust]{.ul}**~**[01]{.ul}**AhXVGM2009--GM1536 (0.01 cM)7.12--36.4517.57--66.050.21--1.64Rust-SI_2004, Rust-SII_2004, Rust-SI_2005, Rust-SII_2005,Rust-SI_2007E1, Rust-SII_2007E1, Rust-SI_2007E2, Rust-SII_2007E2,Rust-SI_2008, Rust-SII_2008,Rust-SI_2009, Rust-SII_2009,Rust-SI_2010, Rust-SI_2010, Rust-SI_Pooled mean and Rust-SII_Pooled mean**[QTL]{.ul}**~**[R5-Rust]{.ul}**~**[02]{.ul}**AhXVIPAHM103--GM1954 (5.41--13.41 cM)5.66--30.7817.42--78.960.21--1.89Rust-SI_2004, Rust-SII_2004, Rust-SI_2007E1, Rust-SII_2007E1, Rust-SI_2007E2, Rust-SII_2007E2,Rust-SI_2008, Rust-SII_2008,Rust-SI_2009, Rust-SII_2009, Rust-SI_2010, Rust-SII_2010, Rust-SI_Pooled mean and Rust-SII_Pooled meanQTL~R5-Rust~03AhV\*RN16F05--GM1988 (124.11 cM)5.01--6.1915.07--29.020.32--0.34Rust-SI_2005 and Rust-SI_2010QTL~R5-Rust~04AhV\*TC6E01--RN16F05 (107.81 cM)5.8430.160.31Rust-SI\_ 2010^a^Common QTL identified in RIL-4 and RIL-5 populations are shown by *bold and underline*

In terms of identification of consistent QTL, all three major QTL (QTL~R4-Rust~01, QTL~R4-Rust~02 and QTL~R4-Rust~03) were consistently present in all the seasons, except for a few stages (viz. Rust-SII_2007E1 and Rust-SI_2010 for QTL~R4-Rust~01; Rust-SII_2007E1 and Incubation period for QTL~R4-Rust~02; Rust-SII_2009 and incubation period for QTL~R4-Rust~03) in the RIL-4 population (Table [2](#Tab2){ref-type="table"}). However, in the case of the RIL-5 population, two QTL, namely QTL~R5-Rust~01 and QTL~R5-Rust~02, were present in both the stages of seven and six seasons, respectively. The remaining six minor QTL in the RIL-4 population and two each major and minor QTL in the RIL-5 population were either specific to one or both the stages of disease scoring in less than three seasons.

Development of a consensus map {#Sec15}
------------------------------

A consensus map was developed by using 143 common markers distributed on 18 LGs on two genetic maps for the RIL-4 and RIL-5 populations. In this context, the newly constructed genetic map based on RIL-4 with the highest number (188) of mapped loci was used as a framework map. Subsequently, a consensus map was developed using the framework map as a fixed backbone onto which the unique loci of the genetic map developed based on RIL-5 were added following the "neighbors" map approach described by Cone et al. ([@CR4]). The markers from corresponding LGs of the genetic map based on RIL-5 were assigned onto LGs of the framework map (ESM 8). As a result, the consensus map developed here had 225 SSR loci onto 20 LGs, of which 18 LGs were integrated from both genetic maps using common markers and the remaining two LGs were adopted as such from the framework map (ESM 4). The number of mapped loci on the consensus map ranged from two (AhXX) to 17 (AhIII\* and AhXVII\*) (Fig. [2](#Fig2){ref-type="fig"}). The length of the LGs ranged from 17.52 cM (AhXX) to 116.16 cM (AhXIX) with an average map distance of 57.65 cM and average inter-locus gap distance of 5.15 cM (ESM 7). The average map density ranged from 2.40 (AhXVII\*) to 29.04 (AhXIX) cM in the consensus map (ESM 7).Fig. 2Consensus linkage map of cultivated groundnut showing relative QTL positions based on two mapping population for LLS and rust. The QTLs identified from the RIL-4 and RIL-5 populations are differentiated by different colors. The suffix "\*" indicates the linkage groups named by comparison with the tetraploid reference map for cultivated groundnut (Varshney et al. [@CR39])

Consensus QTL map for LLS and rust in cultivated groundnut {#Sec16}
----------------------------------------------------------

As the consensus map was developed based on RIL-4 and RIL-5 populations segregating for resistance to foliar diseases (LLS and rust), the QTL identified in RIL-4 and RIL-5 were placed in the respective position on the consensus map. In case of LLS, a total of 28 (13 major and 15 minor) QTL identified in the RIL-4 and RIL-5 populations were located on a total of 13 LGs of the consensus map (Fig. [2](#Fig2){ref-type="fig"}). In the case of rust, out of a total of 15 (seven major and eight minor) QTL identified in the RIL-4 and RIL-5 populations, 14 QTL (seven major and seven minor) were placed onto seven LGs of the consensus map. Interestingly, five LGs (AhIV\*, AhXI\*, AhXVII\*, AhXIX and AhXX) did not have any QTL for LLS or rust. AhVIII\* and AhXV LGs contained five QTL each and AhV\* LG had four QTL for LLS. Interestingly, LG AhVIII\* harbored the QTL identified for LLS from the RIL-5 population only.

Analysis also showed two candidate genomic regions containing the major as well as the consistent QTL for resistance to foliar diseases. One genomic region (GM2009--GM1954, 20.6 cM) present on LG AhXV contained three QTL each for LLS and rust. The second genomic region (29.3 cM) present on LG AhXII\* and flanked by GM1573/GM2009 and pPGPseq8D09 markers harbored a major and consistent LLS resistance QTL that was expressed in both the stages of disease scoring of all the seasons and at both stages of disease scoring.

Discussion {#Sec17}
==========

QTL mapping is a prerequisite for identification of molecular markers associated with tolerance/resistance to abiotic/biotic stresses and agronomically important traits. In the case of groundnut, because of limited level polymorphism combined with the paucity of molecular markers, genetic mapping and QTL mapping has only just begun in recent years (Varshney et al. [@CR39]; Foncéka et al. [@CR9]; Khedikar et al. [@CR16]; Hong et al. [@CR13]; Ravi et al. [@CR30]; Sarvamangala et al. [@CR31]). In the case of foliar disease resistance, only one QTL study in cultivated groundnut is available that reports identification of a major QTL for rust resistance (Khedikar et al. [@CR16]). In the case of LLS, however, no major QTL was reported. The present study, therefore, attempted to identify major QTL for LLS and rust along with development of a consensus map which will accelerate genetics research and molecular breeding applications in cultivated groundnut.

Phenotypic evaluation for LLS and rust {#Sec18}
--------------------------------------

To improve the accuracy of QTL mapping by reducing background noise, the utmost importance was given to the accuracy of phenotypic evaluation. As reliable phenotypic data is vital for identification of reliable QTL which will further help in potential use of the candidate QTL for MAS. Extensive phenotyping of both the populations for LLS and rust for 6--7 years was therefore done in the present study. The genetic estimates based on both the mapping populations exhibited considerable variation in resistance to LLS and rust. The magnitude of variation was moderate to high as revealed by PCV and GCV, accompanied by moderate to high broad-sense heritability. The near-normal to normal distribution revealed the quantitative nature of resistance for LLS. However, the frequency distribution for rust resistance at both the stages was skewed/bimodal towards the susceptible and resistant parents, indicating the possibility of a few major genes governing rust resistance.

Marker polymorphism, individual and consensus genetic maps {#Sec19}
----------------------------------------------------------

The availability of large-scale SSR markers for groundnut in recent years (Pandey et al. [@CR28]) has allowed us to screen the parental genotypes of the RIL-4 and RIL-5 populations with 3,097 and 3,282 SSR markers, respectively. Very low levels of polymorphism (6.65 and 6.24%) were observed between the parents (TAG 24, TG 26 and GPBD 4) of the respective mapping populations. A low level of polymorphism was not unexpected, keeping in mind the low level of molecular diversity in cultivated groundnut and that the origin of the majority of SSRs used in this study were from highly conserved genic regions, i.e. EST-SSRs (Moretzsohn et al. [@CR22], [@CR23]; Ferguson et al. [@CR8]; Varshney et al. [@CR39], [@CR40]; Pandey et al. [@CR28]).

In the present study, amplification of more than two loci was observed for three markers (GM1971, GM2724 and pPGSseq18A05) in the case of RIL-4 and four markers (GM1971, GM2724, GM2589 and TC3H07) in the RIL-5 population, which has also been observed in earlier studies (Varshney et al. [@CR39]; Ravi et al. [@CR30]). Amplification of more than two loci could be attributed to amplification of a duplicated locus or a different locus due to the allotetraploid/polyploidy nature of the cultivated groundnut genome (Varshney et al. [@CR39]).

Of the 206 and 205 markers for which genotyping data were obtained, 44 (20%) and 53 (28%) markers showed segregation distortion in RIL-4 and RIL-5, respectively. The percentage of distorted markers in the present study was relatively less than in earlier mapping studies by Burow et al. ([@CR2]) (68%), Moretzsohn et al. ([@CR23]) (51%) and Varshney et al. ([@CR39]) (35%). Generally, mapping populations developed from highly diverse genotypes with less genome similarity (e.g., cultivated × wild or synthetic genotypes) reveal higher segregation distortion. Since the number of polymorphic markers was limited in the present study, the distorted markers were also used for construction of genetic maps and these markers were placed in the most appropriate locations and orders using advanced functions of mapping programs. In brief, the present study presents two genetic maps with 188 and 181 SSR loci for the RIL-4 and RIL-5 populations, respectively. As expected, the map coverage was much higher (1922.4 cM for RIL-4 and 1963 cM for RIL-5) than the maps developed for the AA (1,230.9 cM, Moretzsohn et al. [@CR23]) and BB (1,294.0 cM, Moretzsohn et al. [@CR24]) genomes. Compared to the partial genetic maps developed earlier using RIL-4 by Khedikar et al. ([@CR16]) (462.24 cM; 56 loci mapped on 14 LGs) and RIL-5 by Sarvamangala et al. ([@CR31]) (657.90 cM; 45 loci mapped on eight LGs), the new genetic maps developed here are denser and improved and are comparable to the reference genetic map developed by Varshney et al. ([@CR39]) (1,270.5 cM; 135 loci mapped on 22 LGs) and satuarated by Ravi et al. ([@CR30]) (1785.4 cM; 191 loci mapped on 22 LGs). It is also important to mention that marker orders in both the genetic maps developed here are in congruence for the majority of the mapped loci within themselves as well as with the reference map based on TAG 24 × ICGV 86031 (Varshney et al. [@CR39]; Ravi et al. [@CR30]).

Based on 143 mapped loci common to the individual genetic maps for RIL-4 and RIL-5, a consensus map has been developed. This consensus map has 225 SSR loci mapped onto 20 LGs, of which 18 LGs were derived from the integration of LGs from the two genetic maps. The consensus map developed in the present study was comparable in terms of marker density and genome coverage to the earlier composite linkage map developed based on three populations by Hong et al. ([@CR13]). There are a few small LGs which could be artificial, and additional genetic markers can improve the linkage analysis to increase the density of markers in the future. The current consensus map has more marker loci (225 loci) mapped than the available published individual genetic map (191 loci, Ravi et al. [@CR30]) or composite map (175 loci, Hong et al. [@CR13]). Therefore, this consensus map will facilitate the selection of markers along the length of the LG/chromosome, which can be used for detecting recombinant individuals, fixing loci and recovering the recurrent parent genetic background, in addition to aligning future genetic maps (Somers et al. [@CR32]; Varshney et al. [@CR38]).

QTL for late leaf spot and rust {#Sec20}
-------------------------------

To date only one report is available on QTL identification for foliar disease in cultivated groundnut (Khedikar et al. [@CR16]). This study, based on a partial genetic map for the RIL-4 population, reported a major QTL for rust and minor QTL for LLS. Due to the addition of more markers on genetic maps and QTL analysis based on multiple seasons' phenotypic data on RIL-4 (Khedikar et al. [@CR16]) and RIL-5 (Sarvamangala et al. [@CR31]), this study reports a total of 28 QTL including 13 major QTL for resistance to LLS. Two of these 13 QTL were common to both populations. One such common QTL, namely QTL~R4-LLS~02 flanked by GM2009 and GM1536, is expressed with up to 67.98% PVE in one disease scoring stage of two seasons (LLS-SII_2008, LLS-SII_2009) in RIL-4 and with up to 49.64% PVE in both the stages of two seasons (LLS-SI_2008, LLS-SII_2008, LLS-SI_2009, LLS-SII_2009). Interestingly, it also appeared while performing pooled mean analysis of phenotypic data for the second (90 days after sowing) stage (LLS-SII_Pooled mean) in the case of the RIL-5 population. The second QTL, flanked by IPAHM103 and GM1954 located on AhXV LG, is expressed with up to 42.66% PVE in one season and at both the stages (LLS-SI_2008, LLS-SII_2008) in RIL-4 and with 63.10% PVE in one season (LLS-SII_2008) in RIL-5. These two QTL regions, therefore, seem to be the candidate QTL for introgression in the elite groundnut varieties through MAS.

Although two consistent QTL (appearing in at least three seasons), namely QTL~R4-LLS~01 (10.27--62.34% PVE) and QTL~R4-LLS~05 (10.81--15.34% PVE), were identifed in RIL-4, none of these QTL was validated in RIL-5. One of the reasons for not observing at least one consistent QTL (QTL~R4-LLS~01) in RIL-5 is the monomorphic nature of the diagnostic marker (GM1009) in RIL-5. Validation of these consistent QTL is therefore required before they are deployed in MAS.

For rust resistance, although 15 QTL were identified in the RIL-4 and RIL-5 populations, only two of seven major QTL were common between these populations. One such QTL, namely QTL~R4-Rust~01 flanked by GM2009 and GM1536, contributed up to 82.27% PVE in both stages of disease scoring in all the six seasons except for Rust-SI_2007E1 and Rust-SI_2010 as well as in pooled mean analysis at both the stages (Rust-SI_Pooled mean and Rust-SII_Pooled mean) and for the components of rust resistance, viz. incubation period, latent period and infection type in RIL-4. In the case of the RIL-5 population, this QTL with up to 66.05% PVE was detected in both stages of disease scoring of all seven seasons as well as for pooled means at both the stages. Similarly the second common QTL, namely QTL~R4-Rust~03 flanked by IPAHM103 and GM1954, consistently explained up to 82.96% PVE in both the stages (except Rust-SII_2009) of disease scoring in all the six seasons as well as for Rust-SI and Rust-SII_Pooled mean latent period and infection type analysis in the RIL-4 population. In the case of the RIL-5 population, too, this QTL explained up to 78.96% phenotypic variation in both stages (except Rust-SI_2005 and Rust-SII_2005) of the six seasons as well as for Rust-SI_Pooled mean and Rust-SII_Pooled mean. In addition, it is interesting to note that these two QTL regions for rust resistance also confer resistance to rust as well with higher phenotypic variation in both RIL-4 and RIL-5 populations. Therefore, this genomic region seems to be a promising target for MAS for introgression of resistance to both foliar diseases.

Among the population-specific major QTL identified for rust resistance in the RIL-4 population, one QTL, namely QTL~R4-Rust~02, was consistently expressed with up to 62.35% PVE in both the stages of disease scoring of all the six seasons except for Rust-SII_2007E1. It was also expressed for the components of rust resistance such as latent period and infection type. However, neither of the two major QTL specific to RIL-5 was found to be stable across the seasons.

While comparing the QTL identified in this study with the earlier reports, we observed that four QTL for resistance to LLS (QTL~R4-LLS~04, QTL~R4-LLS~07, QTL~R4-LLS~12 and QTL~R4-LLS~13) and three QTL for rust resistance (QTL~R4-Rust~03, QTL~R4-Rust~05 and QTL~R4-Rust~09) were also reported in our earlier study (Khedikar et al. [@CR16]). It is important to mention here that though this study as well as Khedikar et al. ([@CR16]) used the RIL-4 population, a major QTL (QTL~R4-LLS~01) with up to 62.34% PVE was identified only in the present study and not in Khedikar et al. ([@CR16]). This became possible only because of saturating the genetic map of the RIL-4 population from 56 to 188 SSR loci. The LG AhXII on which this major QTL for LLS flanked by the markers GM1573/GM1009 and pGPseq8D09 is present has 10 SSR loci as compared to only three SSR loci in Khedikar et al. ([@CR16]). Moreover, the above-mentioned markers were not mapped in the RIL-4 population map of Khedikar et al. ([@CR16]). These observations therefore highlight the need to use good genetic maps for QTL analysis to avoid the possibility of losing the major QTL.

Candidate genomic regions conferring resistance to foliar diseases {#Sec21}
------------------------------------------------------------------

Out of a total of 43 QTL identified for LLS and rust in the two populations, 42 QTL (20 major and 22 minor QTL for both LLs and rust) were mapped on the consensus map in the respective positions of the individual genetic maps for the RIL-4 and RIL-5 populations. The remaining minor QTL (QTL~R5-Rust~05) mapped onto LG AhXX of RIL-5 could not be located on the consensus map, as this linkage group was not merged into the consensus map due to the non-availability of common markers. A genomic region (20.6 cM) flanked by GM2009 and GM1954 on LG AhXV was found to contain the common QTL for LLS as well as rust and was expressed in one and/or both stages of many environments. The QTL for LLS and rust resistance present in this region contribute up to 67.98 and 82.96% phenotypic variation, respectively. Another interesting genomic region (29.3 cM) is on LG AhXII\* and is flanked by GM1573/GM1009 and pPGPseq8D09. This region contains the consistent QTL for LLS that was expressed in both stages of all the six seasons in RIL-4 and contributes up to 62.3% phenotypic variation. These two genomic regions, therefore, seem to possess candidate genes that are either directly involved in or control the expression of the genes conferring resistance to these important fungal diseases. Although QTL cloning or sequencing of these regions will eventually reveal those genes, introgression of one or both of these candidate genomic regions through MAS seems to be the best approach to developing superior lines/varieties of groundnut with enhanced resistance to the foliar diseases.

Conclusion {#Sec22}
==========

The current study reports the construction of two genetic linkage maps with 188 and 181 loci on two RIL mapping populations and also the development of a consensus map for disease resistance studies with 225 loci mapped onto 20 LGs. These maps will be a useful resource and a tool from which potential SSR markers may be selected for future mapping projects in cultivated groundnut. Furthermore, a major QTL region for rust reported earlier has been saturated with five new additional markers, which enabled us to define properly the candidate genomic region with a smaller marker interval contributing up to a maximum of 82.96 and 66.05% phenotypic variation with respect to the populations for rust resistance. Furthermore, we report a major QTL for LLS with 10.27--62.34% PVE. Validation of the newly linked markers for rust resistance and the major QTL identified for LLS resistance is of prime importance for identifying the candidate genes as well as for their deployment in molecular breeding for resistance to foliar diseases in groundnut.
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